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Summary
8-Oxo-7,8-dihydroguanosine (8oG) is a highly muta-
genic DNA lesion that stably pairs with adenosine,
forming 8oG(syn)$dA(anti) Hoogsteen base pairs.
DNA polymerases show different propensities to in-
sert dCMP or dAMP opposite 8oG, but the molecular
mechanisms that determine faithful or mutagenic by-
pass are poorly understood. Here, we report kinetic
and structural data providing evidence that, in T7
DNA polymerase, residue Lys536 is responsible for
attenuating the miscoding potential of 8oG. The
Lys536Ala polymerase shows a significant increase
in mutagenic 8oG bypass versus wild-type polymer-
ase, and a crystal structure of the Lys536Ala mutant
reveals a closed complex with an 8oG(syn)$dATPmis-
match in the polymerase active site, in contrast to the
unproductive, open complex previously obtained by
using wild-type polymerase. We propose that Lys536
acts as a steric and/or electrostatic filter that attenu-
ates the miscoding potential of 8oG by normally inter-
fering with the binding of 8oG in a syn conformation
that pairs with dATP.
Introduction
It was recognized many years ago that mistakes during
the replication of DNA can give rise to mutations
(Watson and Crick, 1953), and that replicative DNA
polymerases must be highly accurate when copying
DNA templates in order to safeguard the genetic integ-
rity of future generations (Kornberg and Baker, 1992). A
variety of physical and chemical insults, including radi-
ation, xenobiotics, chemical carcinogens, and reactive
oxygen species (ROS), compromise the coding poten-
tial of DNA by generating modified nucleosides that in-
terfere with replication and transcription. Especially
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21010.deleterious is the abundant lesion 8-oxo-7,8-dihydro-
guanosine (8oG) that is continuously generated by ex-
posure of DNA to ROS in the cellular milieu (Marnett,
2000). 8oG is highly mutagenic because of its dual cod-
ing potential, which results from the stable mispairing of
8oG(syn) with dATP in addition to the normal base pair-
ing of 8oG(anti) with dCTP (Shibutani et al., 1991). The
misinsertion of dAMP opposite 8oG during DNA synthe-
sis causes G-to-T transversions. The highly deleterious
effects of 8oG in eukaryotic cells are evidenced by the
presence of multiple different enzymes that minimize
the miscoding potential of 8oG by preventing its incor-
poration in DNA, by excising 8oG lesions from DNA, or
by removing dAMP mispaired with 8oG (Colussi et al.,
2002; Nakabeppu et al., 2004; Ni et al., 1999; Sekiguchi
and Tsuzuki, 2002).
The normal high fidelity of nucleotide incorporation by
replicative DNA polymerases is thought to be achieved
by an induced-fit mechanism, in which binding of the
correct nucleotide induces a conformational change in
the polymerase that assembles the active site in the
proper orientation for catalysis (Johnson, 1993). This
substrate-induced change in polymerase conformation
has been correlated with the rotation of the fingers sub-
domain observed in crystal structures of DNA poly-
merases (Doublie et al., 1998), although other, more
subtle rearrangements in the active sites of some poly-
merases may be the rate-limiting step of DNA synthesis
(Garcia-Diaz et al., 2005; Rothwell et al., 2005; Yang
et al., 2002). Accurate DNA polymerases like T7 DNA
polymerase, RB69 DNA polymerase, mammalian poly-
merase d, the E. coli Klenow fragment, and mitochon-
drial DNA polymerase g make mistakes about once
every 104–105 incorporation events on normal DNA tem-
plates (Kunkel, 2004; Loeb and Kunkel, 1982). However,
these enzymes are remarkably error prone when synthe-
sizing past 8oG. It is estimated that adenine is misincor-
porated during approximately one-third of the bypass
events opposite 8oG (Einolf and Guengerich, 2001; Einolf
et al., 1998; Freisinger et al., 2004; Furge and Guengerich,
1997). One reason for this is that 8oG(syn)$dAMP base
pairs are not detected as mismatches by the normal pro-
cess of proofreading (Brieba et al., 2004). In fact, replica-
tive polymerases with associated proofreading activity,
like T7 DNA polymerase, mammalian DNA polymerase d,
and RB69 DNA polymerase, are more efficient at ex-
tending an 8oG(syn)$dAMP base pair than a correct
8oG(anti)$dCMP base pair (Einolf et al., 1998; Freisinger
et al., 2004; Furge and Guengerich, 1998).
Some types of modified nucleotides, such as abasic
sites and thymine photodimers, strongly interfere with
DNA synthesis by replicative polymerases, whereas
8oG lesions are more readily bypassed. Crystal struc-
tures of RB69 DNA polymerase (Freisinger et al., 2004)
and T7 DNA polymerase (Brieba et al., 2004) in complex
with an incoming 8oG(anti)$dCTP base pair provide
a structural rationale for the relatively efficient bypass
of 8oG, and the preference for inserting dCMP opposite
the lesion. These structures show a strong kinking of the
DNA phosphodiester backbone in the region of the
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8oG in the anti conformation. In contrast, DNA polymer-
ase b induces a less severe kinking of the template DNA
strand and therefore requires a local adjustment of the
DNA backbone to avoid an electrostatic or steric clash
between the O8 oxygen and the a phosphate of 8oG in
the anti conformation (Krahn et al., 2003).
Previous attempts to crystallize an 8oG(syn)$dATP
mismatch in the active site of T7 DNA polymerase
(Brieba et al., 2004), RB69 DNA polymerase (Freisinger
et al., 2004), and DNA polymerase b (Krahn et al.,
2003) resulted in open, inactive complexes of these pol-
ymerases. Structural modeling of the catalytically com-
petent, closed complex of T7 DNA polymerase sug-
gested that steric clashes between the polymerase and
an 8oG(syn)$dATP mismatch could hamper nucleotide
incorporation (Brieba et al., 2004). In combination with
the crystal structures, these docking models identified
putative interactions between T7 DNA polymerase and
either base pair, 8oG(anti)$dCTP or 8oG(syn)$dATP,
that could contribute to the selection of dCTP versus
dATP for insertion opposite 8oG. In particular, we iden-
tified Lys536 as a potential deterrent to the binding of
8oG in the syn conformation that templates misinsertion
of dAMP. Here, we present biochemical and crystallo-
graphic evidence demonstrating that Lys536 in the
fingers subdomain of T7 DNA polymerase strongly con-
tributes to the mutagenic outcome of 8oG lesion by-
pass.
Results
Previously, we modeled an 8oG(syn)$dATP mispair in
the active site of T7 DNA polymerase by superimposing
this Hoogsteen base pair from the crystal structure of
a postinsertion complex (Brieba et al., 2004) onto a na-
tive Thy(anti)$dATP(anti) pair bound in the active site of
the polymerase (Li et al., 2004). The model showed that
the side chain of Lys536 may interfere sterically or elec-
trostatically with the 2-amino group of 8oG(syn) paired
with dATP in a catalytically competent, closed confor-
mation of the polymerase. We therefore substituted
Lys536, located in the middle of a helix O1 of the fingers
subdomain, with alanine in order to evaluate the role of
this residue in the efficiency and fidelity of 8oG bypass.
Lys536Ala T7 DNA Polymerase Favors
Insertion of dAMP Opposite 8oG
Steady-state kinetic parameters for single nucleotide in-
sertion opposite 8oG were measured for the Lys536Ala
T7 DNA polymerase and the parental exo2 polymerase
(Table 1). The rate constants (kcat) for insertion of dATP
and dCTP by the Lys536Ala mutant are 8- and 46-foldlower, respectively, than the rates for the parental
exo2 T7 DNA polymerase. Whereas the Kms for dATP in-
sertion by the two enzymes are similar, the Lys536Ala
mutant displays a 6-fold increase in Km for dCTP. This
suggests that the alanine substitution in the fingers
selectively decreases the apparent affinity for an 8oG
(anti)$dCTP pair. The catalytic efficiencies of the
Lys536Ala T7 DNA polymerase for insertion of dCTP
and dATP are substantially lower than for the parent en-
zyme (Table 1), consistent with reports that substitutions
in the fingers subdomain of the homologous Klenow
fragment and Thermus aquaticus DNA polymerases
also hamper catalysis (Kaushik et al., 1996). The misin-
sertion frequency (f) opposite 8oG bases can be calcu-
lated from the steady-state kinetic parameters by
using the relationship f = (kcat/Km)incorrect/(kcat/Km)correct.
Based on this calculation, the probability of misinserting
dAMP opposite 8oG is estimated to be 33% for the exo-
nuclease-deficient T7 DNA polymerase, in good agree-
ment with the previously published misincorporation
probability of 37% (Brieba et al., 2004) (Table 1). Simi-
larly, it can be predicted that the Lys536Ala point mutant
will misinsert dAMP opposite 8oG with a 95% frequency
(Table 1). Thus, the Lys536Ala mutant of T7 DNA poly-
merase should be significantly more error prone during
8oG lesion bypass than the wild-type enzyme. To test
this prediction, we determined the efficiency and fidelity
with which Lys536Ala T7 DNA polymerase catalyzes
complete 8oG bypass in reactions containing all four
dNTPs.
The Efficiency of Translesion DNA
Synthesis past 8oG
T7 DNA polymerase is a highly processive enzyme ca-
pable of incorporating thousands of nucleotides during
a single encounter with an undamaged DNA template
(Tabor et al., 1987). Translesion DNA synthesis meas-
urements performed under single-hit conditions in the
presence of all four dNTPs previously showed that
exonuclease-deficient T7 DNA polymerase bypasses
a templating 8oG with 7% the efficiency of bypassing
an undamaged guanine in the same sequence context
(Brieba et al., 2004). Under these same conditions,
and consistent with its reduced catalytic efficiency
for inserting single nucleotides (Table 1), exonuclease-
deficient Lys536Ala T7 DNA polymerase is less active
than its parent in bypassing an undamaged guanosine
(data not shown). However, it is also less active than
its parent in bypassing an 8oG lesion, such that
substituting alanine for Lys536 did not selectively re-
duce the efficiency of 8oG translesion synthesis in com-
parison to normal DNA synthesis.Table 1. Steady-State Kinetics Parameters for Single Nucleotide Insertion opposite 8oG
Enzyme dNTP Km (mM) kcat (s
21) kcat/Km (s
21 mM21) f a % dATP Incorporatedb
Exo2 T7 DNA Pol dATP 155 6 19 0.046 6 0.011 3 3 1024 6 7.8 3 1025 0.5 33
dCTP 105 6 30 0.060 6 0.020 6 3 1024 6 1 3 1024
Exo2 Lys536Ala Pol dATP 135 6 34 0.0055 6 0.0005 4.3 3 1025 6 1.5 3 1025 20 95
dCTP 604 6 138 0.0013 6 0.0003 2.2 3 1026 6 9.5 3 1028
a f = (kcat/Km)dATP/(kcat/Km)dCTP.
b Percentage of dATP incorporated = (f /1 + f )*(100).
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Plaques
Polymerase Template Dark Blue Total Dark Blue Frequency dNMP Incorporated (Dark Blues)
Exo2 Pola 8oG 187 876 0.21 31/31 dAMP
477 2,059 0.24 24/24 dAMP
Lys536Ala 8oG 2,214 5,094 0.43 46/47 dAMP
1/47 dCMP
Exo2 Pola G 3 2,137 0.0014 see Table 3
2 4,071 0.00049
Lys536Ala G 5 11,085 0.00045 see Table 3
a From Brieba et al. (2004).Fidelity of Translesion DNA Synthesis
Next, we determined if the Lys536Ala mutation selec-
tively alters the ratio of dCMP/dAMP stably incorpo-
rated opposite 8oG. In this experiment, the completed
products of translesion DNA synthesis in vitro are puri-
fied and hybridized to gapped M13mp2 DNA. This DNA
is introduced into E. coli cells that are plated to score
the colors of the resulting M13 plaques. A base substi-
tution at a TAG (or TA8oG) amber codon results in
a dark blue plaque. Bypass of the 8oG-containing am-
ber codon by exo2 T7 DNA polymerase results in 22%
dark blue plaques (Brieba et al., 2004), whereas bypass
by the Lys536Ala polymerase resulted in 43% dark blue
plaques (Table 2). When DNA from dark blue plaques
was sequenced, the vast majority of these resulted
from misincorporation of dAMP opposite 8oG, for both
the mutant and parental T7 DNA polymerase (Table 2).
Because this assay detects about 60% of all mutagenic
events (Kokoska et al., 2003), we estimate that exo2 T7
DNA polymerase misincorporates dAMP opposite 8oG
about 38% of the time, that the Lys536Ala mutant mis-
incorporates dAMP in 72% of the bypass events, and
that the balance of the bypass events reflects stable in-
corporation of dCMP opposite 8oG. Thus, substituting
Lys536 with alanine decreases the probability of stable
incorporation of dCMP and increases the probability of
stable misincorporation of dAMP opposite 8oG, as pre-
dicted by the kinetic analysis (Table 1).
A number of amino acid substitutions in the fingers
subdomain of Pol A family DNA polymerases have
been linked to the misincorporation of nucleotides dur-
ing replication on normal DNA templates (Bell et al.,
1997; Huang et al., 2000; Minnick et al., 1999; Suzuki
et al., 2000), and reviewed in (Kunkel and Bebenek,
2000). To examine the possibility that the Lys536Ala
substitution results in a more general decrease in the fi-
delity of templated DNA synthesis, we performed paral-
lel fidelity measurements with an undamaged substrate.
The results (Tables 2 and 3) indicate that the Lys536Ala
polymerase generates the most errors when copying
undamaged DNA at rates that are similar to or slightly
lower than those for the parental exo2 T7 DNA polymer-
ase. Thus, the Lys536Ala mutant is not a general muta-
tor. The only exception is that the Lys536Ala mutant
enzyme exhibits a slight increase in G-to-T transver-
sions originating from G$dATP mismatches (Table 3).
This error may be selectively favored by the accommo-
dation of G(syn)$dATP(anti) Hoogsteen pairs in the ac-
tive site of the Lys536Ala polymerase, as posited for
the insertion of dAMP opposite 8oG. In a similarexample, the Lys280Gly mutant of DNA polymerase
b shows an increase in G-to-T transversions when copy-
ing a normal DNA template (Beard et al., 2002).
Crystal Structure of an 8oG(syn)$dATP
Insertion Complex
Previous attempts to crystallize T7 DNA polymerase
with an 8oG(syn)$dATP mispair in the active site resulted
in an open conformation of the fingers subdomain with
the template 8oG and incoming ddATP disordered.
Since the Lys536Ala mutation facilitates the misinsertion
of dATP opposite 8oG (Table 1), a polymerase harboring
this mutation may be able to accommodate 8oG(syn)$
dATP in the active site. The Lys536Ala polymerase was
crystallized in complex with 8oG(syn)$dATP bound in
the active site, and the structure was determined by
molecular replacement methods (Figure 1A; Table 4;
Experimental Procedures). Crystals of this misinsertion
complex have the same unit cell parameters as native
polymerase complexes grown under the same condi-
tions, and the electron density calculated from a model
of the polymerase with the fingers omitted clearly shows
the fingers subdomain in a closed conformation, with
an 8oG(syn)$dATP base pair occupying the active site
(Figure 1B). The structure of the polymerase complexed
to 8oG(syn)$dATP is superimposable on a polymerizing
complex containing G$dCTP, with an rms deviation of
0.192 A˚ (comparing the Ca atoms of residues 212–704;
Figure 1A), giving no indication of any significant distor-
tion of the closed conformation of the fingers subdo-
main. The DNA template of the 8oG(syn)$dATP complex
binds to the polymerase in the same register as in DNA
complexes with canonical base pairs in the active site.
Table 3. Spectrum and Frequency of Base Substitutions:
T7 DNA Polymerase versus Lys536Ala
Exo2 Pol Lys536Ala Pol
Transversion Occurrence
Frequency
(3105) Occurrence
Frequency
(3105)
T to C 8/26 25 6/29 9.3
T to A 2/26 6.2 2/29 3.1
T to G 1/26 3.1 0/29 <1.6
A to C 3/26 9.3 1/29 1.6
A to G 2/26 6.2 0/29 <1.6
A to T 1/16 3.1 1/29 1.6
G to C 3/26 9.3 3/29 4.7
G to T 3/26 9.3 10/29 16
Other
(frameshifts)
3/26 9.3 6/29 9.3
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8oG(syn)$dATP complex is identical to that observed for
complexes with native Watson-Crick base pairs, and is
in marked contrast to the open conformation of the fin-
gers resulting from crystallization of wild-type T7 DNA
polymerase in complex with primer-template DNA
Figure 1. A Ternary, Closed Complex of T7 DNA Polymerase with
8oG(syn)$dATP
(A) The crystal structure of Lys536Ala T7 DNA polymerase in a closed
complex with an 8oG(syn)$dATP mismatch is superimposed on the
open complex resulting from crystallization of the exo2 parental en-
zyme with 8oG-containing DNA (PDB accession code 1TK5). The
open 8oG complex (fingers colored white) and the closed 8oG(syn)$
dATP mismatch (fingers colored dark blue) are virtually identical, ex-
cept for the orientation of the fingers subdomain (residues 480–614).
In the open complex with 8oG, the fingers subdomain is rotated 45º
with respect to the closed conformation, and residues 531–537 of
the a helix O1 are disordered. The open complex shows no electron
density for the base pair at the polymerase active site. The Lys536Ala
mutant polymerase bound to the 8oG(syn)$dATP mismatch adopts
a closed conformation. The 8oG(syn) lesion is colored red, and the
incoming dATP is colored white.
(B) A close-up of the Lys536Ala T7 DNA polymerase active site show-
ing the electron density for the 8oG(syn)$dATP base pair. The map
(countered at 2.5 s) was calculated by using model phases derived
after simulating annealing with the nascent base pair omitted from
the active site. The two metal ions in the active site are pictured as
yellow spheres, with the fingers subdomain shown in the back-
ground (blue ribbons).containing 8oG in the templating position (Figure 1A).
The closed conformation brings the catalytically com-
petent groups, including two metals that assist with
the phosphoryl transfer reaction, into a proper position
for catalysis (Figure 1B). The templating 8oG adopts the
syn conformation, forming a Hoogsteen base pair with
the incoming anti dATP (Figures 1A and 1B). The C10-
C10 distance of the mutagenic Hoogsteen base pair is
similar to that of a normal Watson-Crick base pair,
and the incoming ddATP superimposes with the incom-
ing nucleotide of a Thy(anti)$dATP(anti) closed complex
(Li et al., 2004) (Figure 2A). The position of the O8 oxygen
of 8oG corresponds to that of the O2 oxygen of thymine
template base, and the major groove edge of 8oG(syn)
lies near O1 helix residues, including the mutated
Lys536Ala of the fingers subdomain. The torsion angles
of the phosphodiester backbone around 8oG closely re-
semble those of native polymerase complexes, and
there is clear electron density for one nucleotide 50 of
the templating 8oG.
In comparison to closed complexes of T7 DNA poly-
merase with Watson-Crick base pairs in the active site,
the 8oG(syn)$dATP complex shows a subtle movement
of the Ile540 side chain. Ile540 was previously hypothe-
sized to impose steric constraints on the modeled 8oG
(syn)$dATP base pair in the polymerase active site. How-
ever, a subtle repositioning of Ile540 in combination
with the truncation of the nearby Lys536 side chain re-
moves this potential clash, creating space for 8oG in
the syn conformation (Figure 2A). In particular, the space
Table 4. X-Ray Data Collection, Phasing, and Refinement
Statistics
Data Collection
Space group P21212
Unit cell parameters
a 106.15
b 213.00
c 52.00
Total reflections 1,614,096
Unique reflections 39,043
Completeness (%)a 93.2 (88.5)
I/s(I) 15.7 (4.6)
Redundancy 7.7
Resolution 50–2.5
Rsym
b 0.135 (0.426)
Refinement
Resolution (A˚) 50–2.7
Number of reflections 38,976
Rcryst
c 0.224
Rfree 0.273
Number of atoms
Protein-DNA 6,836
H2O 219
Average B factor (A˚2) 31.17
Rms deviations
Bond lengths (A˚) 0.006
Bond angles (º) 1.2
Data were collected at NSLS X26-C and at a laboratory source.
a Values in parentheses refer to data in the highest resolution shell.
b Rsym = ShklSjjIj 2 <IRj/ShklSj Ij, where <IR is the mean intensity
of j observations of reflection hkl and its symmetry equivalents.
c Rcryst = ShkljFo 2 kFcj/ShkljFoj. Rfree = Rcryst for 5% of reflections
that were not used in refinement.
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2-amino group of 8oG(syn) in the closed complex.
Discussion
Because a misincorporated 8oG(syn)$dAMP mis-
match is not subject to proofreading by the intrinsic
Figure 2. A Structural Rationale for Mutagenic and Faithful Bypass
of 8oG
(A) A surface representation of the 8oG(syn)$dATP mismatch in the
active site of the Lys536A polymerase shows that the Lys536 side
chain (gray) in the closed conformation of the fingers subdomain
clashes with 8oG in the syn conformation. An alanine substitution
at this position (blue) and the subtle repositioning of residue Ile540
(depicted in blue for the Lys536Ala mutant and in gray for the paren-
tal polymerase) accommodates the Hoogsteen pairing with dATP in
the polymerase active site. The fingers subdomain is depicted as
blue ribbons. The 8oG(syn) templating base (red) forms a Hoogsteen
base pair with the incoming ddATP (gray). Two metal ions in the poly-
merase active site are depicted as yellow spheres.
(B) The crystal structure of the parental exo2T7 DNA polymerase mu-
tant in complex with 8oG(anti)$dCTP shows a hydrogen bond do-
nated by Lys536 to the O8 group of 8oG, stabilizing theanticonforma-
tion of 8oG for base pairing interactions with dCTP (Brieba et al.,
2004). Substitution of Lys536 with alanine prevents this interaction
and decreases theefficiencyofdCMPinsertion opposite8oG (Table1).exonuclease activity of T7 DNA polymerase (Brieba
et al., 2004), the initial insertion event opposite 8oG likely
determines whether 8oG bypass is faithful or mutagenic.
We previously hypothesized that residue Lys536 may
play a role in nucleotide selectivity opposite an 8oG le-
sion by hindering dATP incorporation due to unfavorable
steric or electrostratic interactions between the lysine
side chain and the 8oG(syn) lesion, and that the same
residue may promote dCTP incorporation by forming
a hydrogen bond with the O8 group of an 8oG(anti)$dCTP
base pair. We reasoned that a single point mutant,
Lys536Ala, would relieve the unfavorable interactions
between the polymerase and the 8oG(syn)$dATP mis-
match and therefore increase the ratio of dAMP inser-
tion, relative to dCMP, opposite an 8oG lesion. The
biochemical results in Tables 1 and 2 and the structural
data in Figures 1 and 2 strongly support this proposal.
The effect of the Lys536Ala substitution on selectively
raising the Km for dCTP is consistent with a lower bind-
ing affinity for a 8oG(anti)$dCTP base pair relative to
8oG(syn)$dATP in the active site. We previously deter-
mined a crystal structure of exo2 T7 DNA polymerase
complexed to a 8oG(anti)$dCTP base pair. In this com-
plex, the side chain of Lys536 contacts the O8 group of
the 8oG template base (Figure 2B). The decreased cat-
alytic efficiency of dCMP insertion opposite 8oG that is
associated with a substitution of Lys536 with alanine
(Table 1) indicates that this stabilizing contact contrib-
utes to the templating activity of 8oG(anti), promoting
faithful bypass of the 8oG lesion. Another Pol A family
DNA polymerase encoded by Bacillus stearothermophi-
lus has a glycine at the position of the Lys536 residue
of T7 DNA polymerase. Consistent with our findings,
steady-state kinetic studies of the B. stearothermophi-
lus DNA polymerase show a strong preference for mis-
inserting dAMP opposite 8oG (Hsu et al., 2004). Al-
though this enzyme has not been crystallized with
8oG(syn) bound in the active site, we expect the smaller
glycine residue in the fingers to accommodate the irreg-
ular shape of an 8oG(syn)$dATP Hoogsteen base pair
and to promote error-prone bypass through insertion
of dAMP. DNA polymerase b provides another example
of an active site lysine that modulates DNA templating
activity. A Lys280Gly mutant of Pol b exhibits a selective
defect in dNTP insertion opposite purines in the DNA
template, but not pyrimidines (Beard et al., 2002). Fi-
nally, ROS are especially deleterious in mitochondrial
DNA. Conversely, mitochondrial DNA polymerase g, a
family A DNA polymerase, contains bulky amino acids
like His or Phe at the position corresponding to residue
Lys536 of T7 DNA polymerase (Ropp and Copeland,
1996; Ye et al., 1996). The Xenopus DNA polymerase g
preferentially incorporates dCTP opposite 8oG (Pinz
et al., 1995), consistent with the hypothesis that bulky
residues at this position of the fingers interfere with
the binding of 8oG(syn), biasing the coding potential
of the lesion in favor of 8oG(anti)$dCTP.
An analysis of the steady-state kinetic parameters for
nucleotide insertion by the Lys536Ala T7 DNA polymer-
ase predicts that this substitution will increase the fre-
quency of dAMP misincorporation about 2.6-fold in
comparison to the parental exo2 polymerase, from
37% to 95% (Table 1). This prediction agrees well with
experimental measurements of the fidelity of 8oG
Structure
1658bypass by these polymerases (Table 2), which indicate
that the Lys536Ala mutation increases the observed
dATP misincorporation from 37% to 72% (Table 2). Be-
cause the fidelity of DNA synthesis on undamaged tem-
plates is not significantly altered by mutation of Lys536
(Table 3), we conclude that dAMP misincorporation is
selectively enhanced opposite an 8oG lesion.
An induced fit mechanism involving the fingers sub-
domain has been hypothesized as a means of checking
for correct Watson-Crick geometry with an incoming
nucleotide (Doublie and Ellenberger, 1998; Doublie
et al., 1998). How can the substitution of alanine for
Lys536 of T7 DNA polymerase promote the miscoding
potential of 8oG(syn) and facilitate misinsertion of
dAMP? The crystal structure of the 8oG$dATP insertion
complex with the Lys536Ala mutant polymerase reveals
a Hoogsteen base pair involving the syn conformation of
8oG paired with ddATP in an anti conformation (Figure
1B). The electron density observed for the mutagenic
8oG(syn)$dATP base pair (Figure 1B) contrasts with pre-
vious attempts at crystallization with the wild-type T7
DNA polymerase, which resulted in an open conforma-
tion of the fingers (Figure 1A) in which helix O1 (con-
taining Lys536) was disordered and no electron
density was observed for the template 8oG nucleotide
and the incoming ddATP.
We propose that the Lys536Ala mutation in the fin-
gers subdomain of T7 DNA polymerase increases
dAMP insertion opposite 8oG by relieving a steric and/
or electrostatic clash with 8oG in the syn conformation
(Figure 2A) to enable Hoogsteen pairing with dATP.
In this sense, we can speculate that an 8oG(syn)$
dATP base pair binds more tightly to the mutant poly-
merase than 8oG(anti)$dCTP, and, thus, misincorpora-
tion of dAMP is preferred over the faithful insertion of
dCMP.
Experimental Procedures
Protein Preparation and Activity Assays
Expression plasmids encoding the exonuclease-deficient 5A7A
(Patel et al., 1991) and D6 (Doublie et al., 1998) mutants of T7 DNA
polymerase were mutated by using the Quick Change method (Stra-
tagene) to introduce the Lys536Ala substitution. Following muta-
genesis, the Lys536Ala polymerase expression constructs were
confirmed by DNA sequencing. Protein expression and purification
were performed as previously reported (Doublie et al., 1998). The ef-
ficiency of translesion DNA synthesis was measured as previously
described (Brieba et al., 2004). However, the concentration of the
Lys536Ala mutant was increased to 130 nM in order to compensate
for its diminished DNA synthesis activity.
A DNA substrate for kinetic assays of nucleotide incorporation
was prepared by hybridizing a 32P-labeled 25-mer primer (50-AATTT
CTGCAGGTCGACTCCAAAGG-30) to a 45-mer template (50-CCAGC
TCGGTACCGGGTTA8oGCCTTTGGAGTCGACCTGCAGAAATT-30).
Reaction mixtures (10 ml) contained 40 mM Tris (pH 7.4), 5 mM
MgCl2, 50 mM NaCl, 5 mM DTT, 200 nM DNA substrate, and WT
T7 DNA polymerase at 5 nM or the Lys536Ala mutant at 70 nM or
100 nM protein concentration with added dATP or dCTP, respec-
tively. Reactions were initiated by adding dATP or dCTP at one of
eight concentrations and were incubated at 37ºC for 3 min with
WT T7 or for 4 min with the Lys536Ala. Concentrations of dNTP in
reactions with exo2 T7 DNA polymerase: dATP (10, 20, 30, 50,
100, 150, 200, 250 mM), dCTP (5, 10, 20, 30, 50, 100, 150, 200 mM).
The nucleotide concentrations with Lys536Ala T7 DNA polymerase
are: dATP (10, 20, 30, 50, 70, 100, 150, 200 mM), dCTP (100, 150, 200,
300, 500, 700, 1000, 1500 mM). Following the DNA synthesis, equal
volumes of 99% formamide, 5 mM EDTA, 0.1% xylene cyanol, and0.1% bromophenol blue were added to the reaction mixture, and
the products were resolved on a 12% denaturing polyacrylamide
gel, then quantified by phosphorimage autoradiography. The kinetic
data were fit to the Michaelis-Menten equation by using nonlinear
least squares methods.
Crystallization and X-Ray Structure Determination
A complex of 1024 M Lys536Ala T7DNA polymerase (containing the
D6 mutation in the exonuclease domain (Doublie et al., 1998) was
equilibrated with equimolar amounts of a primer-template DNA con-
taining an 8oG lesion. The sequence used for crystallization is 50-CC
C8oGCTGGCACTGGCCGTCGTTTTCG-30 for the template strand
and 50-CGAAAACGACGGCCAGTGCCA-30 for the primer strand.
This complex was extended by addition of 0.5 mM ddGTP as chain
terminator and 10 mM of the incoming nucleotide ddATP. Small
crystals were grown by mixing 1 ml of the T7 DNA polymerase com-
plex with a reservoir solution containing 18%–20% PEG 8000, 100
mM ACES (pH 7.5), 120 mM ammonium sulfate, 30 mM MgCl2,
and 5 mM DTT. The crystals were used as seeds to grow larger crys-
tals in the same condition with 15%–18% PEG 8000. Crystals ap-
peared overnight and reached a maximum size (200 3 50 3 50
microns) after 3 days. Crystals were harvested in the growth solu-
tion containing added PEG 400 (10%–15%) and 5 mM ddATP. Crys-
tals were mounted within a cryo loop and frozen in liquid nitrogen.
X-ray data were collected at beam line X26-C of the National Syn-
chrotron Light Source (Upton, NY) and in house, by using a rotating
anode source. The X-ray data were processed with the HKL2000
(Otwinowski and Minor, 1996) program. A molecular replacement
solution was obtained by using CNS (Brunger et al., 1998) with the
coordinates of the T7 DNA polymerase in complex with DNA and
ddGTP (PDB accession number 1T7P), after omitting the amino
acids corresponding to the fingers subdomain (residues 480–580)
along with the nucleotides around the active site of the polymerase.
Crystallographic model building was performed by fitting atoms by
visual inspection into the electron density of 2Fo 2 Fc and Fo 2 Fc
maps by using the program O (Jones et al., 1991). Model refinement
was carried out by a conjugate gradient minimization algorithm with
CNS (Brunger et al., 1998). After model building and refinement had
converged, solvent molecules were manually positioned into the re-
fined 2Fo 2 Fc and Fo 2 Fc maps. Figures of the crystallographic
models were prepared with Pymol (DeLano, 2002).
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